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Abstract: Increase of rectifiers for converting AC current to DC current can increase current harmonic in grids. These rectifiers can be 
Diode rectifiers or Thyristor based rectifiers used for variable speed drives or other applications. Then, a filter should be used to reduce 
these harmonic components. In this project, a Voltage Source Converter (VSC) is used as distributed static var compensation (D- 
STATCOM) to mitigate current harmonic produced by rectifiers. This Power quality issue is introduced, and its IEEE standard is 
discussed. Then its source and effect on grid is studied and simulation results are shown. Finally, a VSC D-STATCOM is used for 


mitigation of current harmonic in power systems. 
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1. INTRODUCTION 


Nonlinear loads are increased widely in recent years. Among 
these nonlinear loads power electronic based loads have a 
huge effect on current and voltage distortion of grid. Some of 
these loads like motor drives, electric vehicles, air 
conditioning systems, distributed generation and storage 
systems, LED lights, computers and laptops, cell phone 
chargers create power quality issues in distribution systems 
[1-2]. 

In DC system, power is generated with DC sources like 
Photovoltaic systems or converted from AC generators to DC 
format using a rectifier. AC systems are based on three phase 
AC grid that a rectifier is used to convert AC current to DC 
for utilization in DC loads. 

Rectifier convert AC current to DC current. They use 
semiconductor devices like Diode, Thyristor, or IGBTs and 
MOSFETS. Diode rectifiers do not have control on current 
but are more reliable and less expensive [3]. However, 
Thyristor and other active switches has control on current. 
However, the main problem of these converters is producing 
of current harmonic. This produced current harmonic of 
rectifiers can disturb grid current with increasing of motor 
drives in industry areas and DC loads like battery in electric 
vehicles. 

Harmonics are Periodic disturbance for steady-state condition. 
It can happen on grid voltage or current that ideally should be 
sinusoidal. Current harmonic caused by non-linear loads like 
power electronic rectifiers [4]. 

Conventionally harmonic filters are used for reducing current 
harmonic. Harmonic filters are divided to passive filters and 
active filters. Passive filters have problems as resonance, fixed 
filter frequency, and tuning issues. 

Active filters include static synchronous compensator 
(STATCOM), active power filter (APF), dynamic voltage 
regulator (DVR), and unified power quality conditioner 
(UPQC) [3]. Power electronic converter used on them like in 
active power filters are voltage source converter (VSC). 
Different researcher used STATCOM for reactive var 
compensation. A complete review of distribution systems 
voltage sag has been done with DVR and D-STATCOM in 
[5]. In addition, a DSTATCOM is proposed in [6] and its 
different control methods are discussed for optimum 
operation. It used an instantaneous reactive power theory for 
an adaptive controller. Moreover, a D-STATCOM for load 
compensation is introduced in weak grid power systems. Each 
of these methods have their own advantages and 
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disadvantages that depends to their application and operation 
conditions [7]. 

In [8], the mathematical modeling of two-level voltage source 
converters is presented to assess overvoltage and overcurrent 
transients experienced by the switches under DC and AC fault 
scenarios and by considering different grounding schemes. 
For this purpose, the maximum value of switches current and 
voltage are determined under SLG, DLG, PPG, and NPG fault 
conditions. The results confirm the significant impact of 
grounding resistance on the switches currents and voltages 
under different ground fault conditions. 

In [9], an accurate method is proposed to identify an AOV to 
voltage sag in case of SPG fault occurrence. The voltage sag 
performance assessed considering the most often used FACTS 
devices for mitigation of voltage sag in practical applications, 
STATCOM and TCSC. 

In this project an active harmonic filter is used to reduce 
current harmonic in distribution levels. This is called 
distributed static var compensation (D-STATCOM) and used 
to mitigate current harmonic produced by Diode and Thyristor 
rectifiers. In addition, an unbalance load is used. The structure 
of this report is as following. First power quality issue is 
introduced by current harmonic source and power quality 
disturbance source are studied. Then, indices and 
characteristics on current harmonic is define. Moreover, 
standards and guidelines regarding this power quality issue 
will be discussed. 

In addition, impact of current harmonic disturbance will be 
shown. Also, means for mitigation on current harmonic will 
be introduces. Finally, a D-STATCOM will be used to reduce 
the current harmonic and its operation and control will be 
discussed with a simulation. 


2. CURRENT HARMONIC SOURCE 


Harmonics source are generally nonlinear loads that can 

change sinusoidal waveforms to other formats. Fig.1 shows 
operation of linear load vs nonlinear load. As it is shown 
linear load with sinusoidal voltage in a stiff grid, has 
sinusoidal current. However, nonlinear load produces non 
sinusoidal current from sinusoidal voltage. 
Current harmonic sources can be diode or thyristor Rectifier 
used for Variable Frequency drives, home users, Electric 
Vehicles, and Electric Trains. 3-phase variable frequency 
drive is the most common harmonic source which can use 
diode or Thyristor rectifier. Some of current harmonic sources 
are shown in Fig.4. 
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Fig. 1. Linear load waveform and Non-linear load waveform [3]. 
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Fig. 2. Different diode rectifier currents. 


Fig. 3. A diode rectifier current [2]. 
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Fig. 4. Current harmonic sources. 


2.1 Diode Rectifier 


Current harmonic produced with nonlinear loads like 
rectifiers. A diode rectifier circuit with load is shown in 
Figure 3. This case is when current source inverter is used at 
motor drive side. In addition, a diode rectifier circuit with 
capacitor load is shown in Figure 2. This is a case that a 
voltage source converter is used. 


2.2 Thyristor Rectifier 


Thyristor rectifier has better control of current and is more 
efficient, however it needs a controller for fire pulses of 
thyristors. Due to discontinuous voltage of thyristor rectifier, a 
capacitor load cannot be used, a Thyristor is shown in Fig. 5. 
A Thyristor rectifier current is shown in Fig. 6. 


3. INDICES & CHARACTERUSTICS 


To show effect of current harmonic appropriate indices should 
be introduced. The indices are essential for current harmonic 
measurement and evaluation of harmonics. Then remedial 
actions like harmonic filters can be used to mitigate in case 
indices are showing more than it standard values. The first 
and most important indices is Total harmonic distortion 
(THD): 


d) 


Next important indices is Individual harmonic distortion 
(THD): 


I, 
I 7 
I (2) 


In addition, one of most important indices is Total demand 
distortion (TDD): 


Load Bus 


Nonlinear Loads 
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Fig. 5. Thyristor. 
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TDD compare to THD includes current rating of device and 
gives better understanding of harmonics. 


4. STANDARDS 


Like any other evaluation a base value should be used for 
comparison and evaluation. For current harmonic IEEE 
Standard 519 is used which is define by Institute of Electrical 
and Electronics Engineers (IEEE). This standard is IEEE 
Recommended Practice and Requirements for Harmonic 
Control in Electric Power Systems first introduced in 1981 
and then revised in 1992 and 2014. Its Focus is on Harmonic 
measurements and Recommended harmonic limits for voltage 


Measurment Controller 


Table 1: Voltage Distortion limits 
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and current distortion. 


4.1 Harmonic Voltage Limits 

Harmonic Voltage Limits for power system is define based on 
its voltage level. For harmonic voltage limits utilities 
company are responsible at point of power coupling (PCC). 
Harmonic voltage limits for 120V to <69kV are shown in 
Table 1[]. 


4.2 Current Distortion Limits 

The other standard factor is Current Distortion Limits. For 
current limit users are responsible at PCC point to keep 
current harmonic limit at its value. 

Current harmonic limits for voltage levels of 120V to <69kV 
are shown in Table 2. In addition, current Distortion Limits 
for voltage levels greater than 161kV are shown in Table 3. 


4.3 Harmonic Measurement 

Another important consideration is harmonic measurements. 
Harmonic measurement should be accurate for appropriate 
operation in power system. According to IEEE 519 standard 


any instrument used should comply with the specifications of 
IEC 61000-4-7 and IEC 61000-4-30 standards. 
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Fig. 8. Simulation. 
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5. EFFECT OF CURRENT HARMONICS 


The goal of power systems is to transfer electrical energy 
V max from generators to end users. Then, electric current and 

voltages should be sinusoidal, and any disturbance can change 
their shape. Non sinusoidal waveforms will have harmonics 
that can have undesired effect on power systems. For 
example, Harmonics in power systems result in 


Vmin 


v Increased heating in the equipment and conductors 


v Cable Insulation Breakdown 
i Y Misfiring in variable speed drives and Motor failure 
Ic Tomax Tmax TL v Transformer failure 
Fig. 8. STATCOM V-I characteristics. v Capacitor bank failure 
Table 3: Current Distortion limits for systems rated greater that 161 Kv. Y Resonance 
Maxi harmonic current distorti : . soe 
paneer mast: ol, enone v Circuit breaker tripping [10-14] 
“La ae meee jes 6. D- STATCOM 


Flexible AC transmission systems (FACT) compensate 
reactive power [3] and improves voltage profile and currents 
waveform. It can include series or shunt methods or a 
combination of both. It includes Static Var Compensator 
(SVC), Thyristor-Controlled Series Capacitor (TCSC), Static 
Synchronous Compensator (STATCOM), and Unified Power 
Flow Controller (UPFC). Among them STATCOM has these 
advantageous: 
e Better characteristics 
P T A SA TA A D OH E E E E A E E E E E E E E E E a E E: . Faster response 
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Fig. 10. Grid current before suing D-STATCOM. ° Controllable Voltage Sun 
e Smaller in size 


However, STATCOM also has these disadvantageous: 
e Higher losses 
. Higher Cost [14-18] 
Voltage current characteristic of STACOM is shown in Fig. 4. 
Its V-I curves are shown in Fig.8. As it is shown, STATCOM 
can operate at full current range from 0.2 p.u. So, the rating of 
0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08 power system current cannot limit STATCOM for producing 
: : an sisi capacitive or inductive current and does not depend on AC 
Fig. 1L Grid voltage before ie D- STATCOM. voltage system. Then, for medium and low voltage systems 
F eS = like distribution levels distribution STATCOM(D- 
STATCOM) is introduced to improve current and waveform 
characteristics of electric system. 


7. SIMULATION 

In this project MATLAB/Simulink tool is used for system 
simulation. The simulated system is shown in Fig. 9. It 
includes a three-phase system that is operate as infinite bus 
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harmonic component. Also, 5 order Individual harmonic 
distortion is 8.45% that is more that IEEE 519 standard limits. 


7.2 Using D-STATCOM 

To mitigate current harmonic a D-STATCOM is used. 
Control of D-STATCOM is very important and has several 
stages. First a Clark Transformation is used to convert abc to 
dq0. dq0 are constant and using them for proportional integral 
(PI) controller is more effective. Then, a Phase Locked Loop 
(PLL) is used for grid synchronization. More importantly, 
Current controller using PI controller will be used. These 
controllers have feedforward part and decoupling part. In 
addition, a DC link Voltage control is used with a PI 
controller. Finally, inverse dq0 to abc transformer is used and 
generated reference signal will be used in sinusoidal 
modulation. 


8. CLARK TRANSFORMATION 

Clark Transformation transfer abc component to direct 
quadratic(dqO) components. Formula for abc to dq0 
transformation is: 


2n 2a 
cos(@t) cos a cos sare 


u 7 sin(@t) —sin(@t =) sin(@t + =o u, 


1 1 1 

2 2 2 (4) 
This transformation needs angle of power system grid. Then a 
Phase Locked Loop (PLL) is used to obtaining information of 
grid angle. It is also using for grid synchronization. Then PLL 
obtains grid angle from grid voltage measurement as shown in 
Fig. 15. Also, abc/dq0 transformation measured convert grid 
voltage, load current, and D-STATCOM current to dq0 
components. Grid current controller of D-STATCOM is 
shown in Fig. 14. It first calculates grid current from load 
current using a low pass filter. Then it controls DC link 
current using a PI controller. Then, control output current of 
D-STATCOM using two PI controller. Each PI controller 
includes a feedforward from grid voltage and an decoupling 
component to separate each controllers operation. These 
controllers are tuned based on observation of PI errors and try 
and error. And at the end each signal will transfer from dq0 to 
abc using a dqO/abc transformation. These signals are 
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Fig. 15. PLL and abc/dq0 transformations. 
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Fig. 16. Sinusoidal modulation. 
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Fig. 18. Grid voltage after suing D-STATCOM. 


reference signals that feed to modulation block. 


9. MODULATION METHOD 

Modulation is used to transfer reference signals to logic 
signals for gate pulses. Different modulations can be used 
include Sinusoidal modulation, space vector modulation, 
hysteresis modulation, harmonic elimination modulation, and 
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Fig. 14. A thyristor rectifier circuit II. 
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FiG. 19. Current FFT after suing D-STATCOM. 
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Fig. 21. Current IHD uSing D-STATCOM. 


so on. In this project Sinusoidal modulation is used. 

In Sinusoidal modulation Carrier waveforms are Triangular 
waveforms which compared with reference waveforms and 
Gate signals will be generated as shown in Fig. 16. As shown 
in Fig. 19, after using this D-STATCOM Current THD is 
reduced to 3.4% that is below 5%. Then D-STATCOM could 
perform efficiently to mitigate current harmonic. 

In addition, 5" order Individual harmonic distortion that was 
highest harmonic distortion is also reduced to 0.26% as shown 
in Fig. 20. Moreover, based on Fig. 21 that shown FFT 
analysis of current harmonic, 7® order harmonic become the 
dominant harmonic component in current. 


10. CONCLUSION 
In this report, current harmonic mitigation have been 
discussed. First Current Harmonic distortion sources 
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specifically rectifiers and unbalance loads were studied. Then 
Indices and STANDARDS q ic, based on IEEE 519 


ere shown to solve Current 
Harmonic distortiow of Rectiffers. The proposal D STATCOM 
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